providing data under real world conditions. However, only three unpublished articles of field evaluations of manure additives for NH 3 reduction have been reported (Beke, 1997; Hendriks et al., 1997; Stinson et al., 1999) .
Alliance, a new manure additive, was developed by Monsanto EnviroChem (St. Louis, Mo.) for improving air quality inside swine houses. It was tested in four naturally and four mechanically ventilated swine buildings in a collaborative research project with Purdue University (Heber et al., 1998) . The objective of this article was to evaluate the effect of Alliance on NH 3 emission from the four mechanically ventilated buildings.
EXPERIMENTAL PROCEDURE
The tests of Alliance were conducted during two consecutive trials in four of nine, mechanically ventilated, swine finishing buildings located near McLean, Illinois, between March and September 1997. Buildings 3A and 4A were treated with the additive and buildings 3B and 4B were untreated and used as controls. The first trial began on 6 March with 865, 872, 868 and 866 pigs with mean weights of 65, 61, 56 and 51 kg in 3A, 3B, 4A and 4C, respectively. It ended on 8 May in 3A and 3B with 855, 112-kg pigs and 865, 108-kg pigs, respectively, and on 28 May in 4A and 4B with 841, 117-kg pigs and 838, 112-kg pigs, respectively. The second trial began on 26 June with 892, 887, 876 and 867 pigs weighing 28, 22, 29 and 27 kg and ended on 25 September with 881, 874, 832 and 863 pigs weighing 96, 90, 97 and 95 kg in 3A, 3B, 4A and 4B, respectively. A more detailed description of the test installation and procedure was provided by Heber et al.
THE BUILDINGS
Each building was 12.3 m wide, 65.9 m long and had a 2.4 m deep manure pit under a fully slatted concrete floor with a surface area of 799 m 2 ( fig. 1 ). The 2.3 m high ceiling was insulated with 0.08-m-thick loose-fill cellulose 1896 TRANSACTIONS OF THE ASAE insulation. Each building sidewall consisted of a 0.81 m high, 0.15 m thick concrete skirt and 1.52 m curtains. There were twenty, 3.3 × 5.9 m, pens on either side of a 0.76-m-wide central aisle.
Each building was ventilated with four pit fans and five wall fans. The four, 0.46 m diameter, variable-speed pit fans (Model AT18F, Aerotech, Lansing, Mich.) were installed at the top of vertical wooden chimneys and operated continuously. One, 0.9 m diameter and four, 1.2 m diameter exhaust fans were located on the east wall of the building to create a tunnel ventilation effect during hot weather. The building was cross-ventilated at other times using 13 baffled ceiling inlets ( fig. 1 ).
THE PIGS
Pigs were weighed before being placed into the buildings and were fed a standard corn/soybean ration ad libitum throughout the experiment. The mean weight of the pigs after n days in the building was calculated based on their initial weight and an assumed average growth rate of 0.75 kg/d, equations 1 and 2 :
where n = number of days in the grow-finish building Q p = pig growth rate (kg/d) W p (0) = beginning pig weight (kg) W p (n) = pig weight on nth day (kg)
THE MANURE
Manure samples were obtained from the manure pit, and analyzed in the Purdue Animal Sciences Waste Management Laboratory. A plastic cup attached to a plastic rod was lowered through the pump-out ports to obtain samples from the manure surface. Pit profile samples were obtained by lowering a probe sampler (Coliwasa Sampler, Nutrient Resource Management, Inc., Columbus, Ohio) through the full depth of the manure. Probe samples were poured into a bucket and thoroughly mixed. A sub-sample of the mix was collected and stored in a sealed 237 mL plastic bottle, placed in a Styrofoam container with ice, and transported to the laboratory.
Total Kjeldahl nitrogen (TKN) was determined by the micro-Kjeldahl nitrogen method (Nelson and Sommers, 1972) . Ammonium nitrogen (NH 4 + -N) was determined using the steam distillation method (Bremner and Keeney, 1965) . For dry matter, the samples were analyzed gravimetrically at 90°C. For P and K, manure samples were wet ashed by refluxing with concentrated HNO 3 for three hours prior to analysis of the digest. Analysis of K was determined by atomic absorption spectrophotometry. Analysis of P was evaluated according to Murphy and Riley (1962) .
THE ADDITIVE
The Alliance concentrate had the following physical and chemical properties:
Appearance: Opaque dark blue liquid Odor:
Almond scent Specific gravity: 1.13 at 25°C pH:
3.0 Composition: 24% water, 5% benzaldehyde, 9% neodol, 18% proprietary surfactants, 34% glyoxal, and 10% copper sulfate Classification: Non-hazardous, biodegradable Freezing point: -9°C A rotating spinner nozzle was installed in each pen and the additive solution was sprayed into the pit headspace with a goal of covering most of the manure surface ( fig. 1 ). Spraying cycles were implemented using a programmable time controller (Models CPM1 and H5L, OMRON Electronics, Inc., Schaumburg, Ill.). An electronic injection pump was used to continuously meter the additive into the water line to create a solution of 0.44% Alliance. The additive delivery rate was 0.20 kg/min; whereas, the water delivery rate was about 47 kg/min (20 nozzles at 2.33 kg/min per nozzle and 310 kPa). The target dosage was 300 ppm (trial 1) to 350 ppm (trial 2) of an assumed fresh manure production rate of 84 kg/day per 1000-kg live animal weight (ASAE, 1997) . A 4-min spray occurred with the nozzles of either the 20 even pens (10 on each side of the aisle) or the 20 odd pens every 4 h (table 1). This spray sequence, developed by the manufacturer, began at 0900 h every morning. The total volume of solution added to the pit was about 1120 kg or about 20% of the fresh manure produced by 880, 75-kg pigs (ASAE, 1997).
MEASUREMENT OF VENTILATION RATE
Building ventilation rate was the sum of the airflow of the wall fans and the pit fans. Airflow rates of the wall fans were calculated based on fan curves (eqs. (FanCom Model FMS 50, Techmark, Lansing, Mich.) . However, only the NE pit fan in 3A and no fans in 3B were equipped with an anemometer. Since the four pit fans in 3B were identical and controlled by one controller, the total airflow rates of the pit fans were calculated as four times the airflow measured by the anemometer for the NE pit fan. The control voltage for the four pit fans in 3B was recorded and the ventilation rate was estimated based on an airflow/voltage relationship determined from 3A data. All pit fan chimneys in 4A and 4B were equipped with anemometers. Therefore, the total pit fan airflow rates in 4A and 4B were the sum of the individual pit fan airflow rates.
Air temperatures were measured with semiconductor temperature sensors encased in 15 cm long stainless steel sheaths (Model AD592, Computer Boards, Inc., Mansfield, Mass.). Indoor room temperatures were measured at seven locations equally spaced along the center aisle 2.0 m above the floor. Outdoor temperature was measured with an aspirated radiation protection shield mounted 3.0 m above the ground on a tower located between buildings 4A and 4B. Data for each continuously measured variable including gas concentrations were stored as 20-s block averages.
MEASUREMENT OF AMMONIA CONCENTRATION
Ammonia concentration was measured with a chemiluminescence NH 3 analyzer (Model 17C, Thermal Environmental Instruments, Inc., Franklin, Mass.). The analyzer consisted of two separate modules, a converter module and an analyzer module. Ammonia was first converted to nitric oxide (NO) with the solid-state catalytic converter at 875°C before it was measured. The analyzer was calibrated with zero and 30 ppm certified gas every 7 to 14 days.
Ammonia was sequentially measured at three gas sampling location groups (GSLGs) in each building: (1) pit head space (six sampling points); (2) pit fans (four sampling points); and (3) wall fans (five sampling points). The GSLG 3 was not installed until June. Multiple sampling tubes, e.g., six pit headspace points, were connected in parallel to the gas sampling system ( fig. 1 ). Four sampling points at the inlets to the four, 120-cm wall fans were controlled individually with computer-operated solenoids. The solenoids were open only when the corresponding fans were operating. The gas sampling tube for the 90-cm wall fan was always open to protect the gas sampling pump. Gas samples were collected in parallel from locations 0.5 m directly upstream of the wall fans.
Ammonia concentrations of each GSLG were measured continuously for 15 min before switching to the next GSLG. Thirty minutes were allocated during each 60-min sampling cycle to measure gas concentrations in each building. Thus, gas concentrations at each GSLG were measured during 24 sampling periods daily. The GSLG 3 was added to the system on 4 June in 3A and 3B, and on 16 July in 4A and 4B. A 90-min sampling cycle was then applied with 15-min sampling periods resulting in 16 sampling periods per day per GSLG. The sampling period for each GSLG was reduced to 10 min on 14 August and the daily number of sampling periods returned to 24. The first 3 min of NH 3 data during the 15-and 10-min periods were ignored to allow the NH 3 analyzer to equilibrate. Thus, the effective sampling period was 12 or 7 min.
COMPLETE-DATA AND FULL-BUILDING DAYS
Only complete-data and full-building (CDFB) days were selected for comparing treated and control buildings. The term "complete data" means that there were 24 or 16 periods of NH 3 emission data available during the day. In other words, good measurements were collected during each sampling period of the day. Thus, days with lost data due to various problems with the measurement system were excluded except for days with only 1-h NH 3 analyzer calibrations.
The term "full building" means that both control and treated buildings (3A and 3B, or 4A and 4B) were fully occupied. The minimum number of pigs required for "fullbuilding" status were 855 for 3A and 3B, and 832 for 4A and 4B. A total of 332 building-days consisting of 6,944 data subsets was selected from the entire test period (table 2).
CALCULATION OF AMMONIA EMISSION RATE
The NH 3 emission rate during each period was the product of the mean NH 3 concentration over the effective 7 or 12-min sampling period and the mean ventilation rate over the same 7 or 12 min. The NH 3 concentration of ventilation inlet air was assumed to be zero. Ammonia emission rates from the wall fans were calculated by multiplying the NH 3 concentration of GSLG 3 by the sum of the wall fan airflow rates. Ammonia concentrations in the pit headspaces were used initially until the GSLG 3 was installed. Ammonia emission from the pit fans was calculated by multiplying the NH 3 concentration of gas collected GSLG 2 and the sum of the pit fan airflow rates. Building NH 3 emission was the sum of the emissions from the wall fans and the pit fans.
RESULTS

AMMONIA CONCENTRATION AND EMISSION
The average daily mean (ADM) NH 3 concentrations during the first trial ranged from 8.9 ± 1.3 ppm (mean ± 95% confidence interval) in the 4A pit headspace to 13.7 ± 1.5 ppm in the 3B pit fans ( 3A and 3B and 12°C for buildings 4A and 4B (table 4) . The second trial, with mean outside temperatures of 20 to 22°C, resulted in ADM NH 3 concentrations of 4.0 ± 0.6 ppm in the 3A pit fans to 6.7 ± 0.7 ppm in the 4B wall fans. The ADM concentrations during the entire period ranged from 4.8 ± 0.5 ppm to 8.2 ± 0.8 ppm at the six GSLGs. Mean NH 3 concentrations were higher in the control buildings than in the treated buildings at all GSLGs except for the 4A and 4B pit fans. The ADM NH 3 emission rate from treated building 3A (57.1 ± 5.6 g/d·AU) was 13% lower than control building 3B (65.3 ± 13.0 g/d·AU) during the 19 CDFB days of the first trial (tables 5 and 6, and fig. 2 ). The ADM NH 3 emission rate from 3A (106.6 ± 6.2 g/d·AU) was 27% lower (P < 0.05) than 3B (146.7 ± 10.0 g/d·AU) during 73 CDFB days of the second trial. Over both trials (92 CDFB days), the ADM NH 3 emission rate from 3A (96.4 ± 6.5 g/d·AU) was 26% lower (P < 0.05) than 3B (129.9 ± 10.7 g/d·AU).
During 36 CDFB days of the first trial, the ADM NH 3 emission rates were 53.9 ± 2.5 and 65.2 ± 3.6 g/d·AU for 4A (treated) and 4B (control), respectively, 17% lower (P < 0.05) in the treated building. The ADM NH 3 emission rates during 38 CDFB days of the second trial were 93.0 ± 10.1 and 121.8 ± 12.2 g/d·AU for 4A and 4B, respectively, 24% lower (P < 0.05) in the treated building. The ADM NH 3 emission rates during the entire test period (74 CDFB days) were 74.0 ± 6.9 and 94.3 ± 9.2 g/d·AU for 4A and 4B, respectively, 22% lower (P < 0.05) in the treated building ( fig. 3) . 5.1 ± 0.4 6.1 ± 0.6 3A Pit fans 11.9 ± 2 4.0 ± 0.6 5.6 ± 0.9 3A Wall fans 4.8 ± 0.5 4.8 ± 0.5 3B Pit headspace 9.5 ± 0.8 5.4 ± 0.6 6.3 ± 0.6 3B Pit fans 13.7 ± 1.5 5.7 ± 0.5 7.4 ± 0.8 3B Wall fans 5.4 ± 0.5 5.4 ± 0.5 4A Pit headspace 8.9 ± 1.3 5.9 ± 0.7 7.1 ± 0.8 4A Pit fans 10.5 ± 1.1 6.6 ± 0.5 8.2 ± 0.7 4A Wall fans 5.7 ± 0.8 5.7 ± 0.8 4B Pit headspace 10.8 ± 1.2 5.2 ± 0.7 7.5 ± 0.9 4B Pit fans 10 ± 1.2 6.4 ± 0.9 8.2 ± 0.8 4B Wall fans 6.7 ± 0.7 6.7 ± 0.7 * Average ± 95% confidence interval. Unit: ppm. The ADM NH 3 emission rates from the two treated buildings (3A and 4A) and two control buildings (3B and 4B) were 86.4 and 114.0 g/d·AU, respectively. The treatment of the additive apparently reduced the NH 3 emission by 24% (P < 0.05).
MANURE CHARACTERISTICS AND PRODUCTION RATES
The trial means of manure pH ranged from 7.01 to 7.43 and varied insignificantly between buildings during the two trials (table 7) . Also, no significant differences between the pH of profile and surface samples were detected. The profile samples had about 50 and 44% higher solids contents and phosphorus concentrations than the surface samples. Ammonia and nitrogen concentrations were 5 to 15% higher in the profile. Potassium concentrations of both sample locations were approximately equal.
Dilution of the manure by the additive solution occurred in the treated buildings. The mean dry matter, total N, ammonia, and P in the treated buildings were 71, 88, 92, and 66% of those in the control buildings, respectively; whereas, mean K concentrations were similar. Manure depth increased about 20% more in the treated buildings than in the control buildings (table 8) between the beginning of trial 1 (11 April) and the end of trial 2 (25 September). Since the manure pits were already 100 cm deep at the beginning of the test, the total manure volumes in the treated pits were less than 10% more diluted at the end of the test.
The estimated manure production during this period, based on standard manure production rates (ASAE, 1997), would have been 6.09, 6.15, 6.57, and 6.64 kg/day·pig for buildings 3A, 3B, 4A, and 4B, respectively. Actual mean daily manure production rates, based on the mean number of pigs in the buildings, were 5.27, 4.31, 6.38, and 4.72 kg/day·pig, respectively. Thus, the actual total manure production rates in control buildings 3B and 4B were 30 and 29% less than published production rates of fresh manure, respectively.
DISCUSSION
The inside NH 3 concentrations reported in this article were comparable to concentrations measured in Europe and North America, which ranged from 5 to 23 ppm . This research was conducted during warm weather, which, because of higher ventilation rates, usually results in lower concentrations than during other seasons of the year. The resulting emission rate is greater since increases in ventilation rates during warmer weather are usually greater in magnitude than the reductions in concentrations . Thus, NH 3 concentrations were lower and NH 3 emissions were greater during the second trial as compared to the first trial because of higher ambient temperatures. Indoor temperatures were 3.3°C warmer during the second trial (table 4) .
The NH 3 emission rates per AU during the second trial were 87, 124, 73, and 87% higher than during the first trial for 3A, 3B, 4A, and 4B, respectively. Ammonia reductions due to the additive application were somewhat higher in the second trial (26%) than in the first trial (16%) for the two replications. This apparent difference may be related to seasonal variations of gas emissions from swine buildings. Cooler weather during the first trial resulted in lower indoor temperatures (table 4) in the buildings, and consequently, lower ventilation rates. Emission rates in the winter are expected to be much lower than reported in this article. Theoretically, the release of manure gases is a process of mass transfer from a liquid medium into a gas. This release is influenced by concentration, temperature, and velocity profiles in both the gas and liquid (Ni, 1999) . These profiles in a swine finishing building are positively related to fresh manure production, manure and air temperatures, internal air velocities, and building ventilation rate.
Based on the results of this field test, swine producers can achieve 13 to 27% reductions in NH 3 emission from their deep-pit finishing houses during mild and warm weather with Alliance. This relatively modest reduction in emissions was quite consistent throughout the test. The effectiveness of the additive in reducing emissions from the treated manure surface itself was probably much higher for a couple of reasons. First, the fraction of the manure pit surface contacted by the spray was unmeasured, but 1900 TRANSACTIONS OF THE ASAE probably was much less than 100%. Second, the additive was sprayed only into the manure pit leaving manure residue on the floor, equipment and pigs untreated. The maximum theoretical reduction in NH 3 is the percentage of the total NH 3 release in the building that is derived from the pit under the floor. This percentage is reported to be 40 to 60% (Hoeksma et al., 1992) . A manure contaminated floor contributes significantly to NH 3 emission from swine buildings . It is important for producers using Alliance to keep building surfaces above the pit including the floor as clean and dry as possible. These activities will result in greater percentage reductions of building NH 3 emission if the additive is utilized.
Based on a comparison of manure depths and characteristics, the additive solution diluted the manure solid and nutrient contents by about 20%, thus increasing manure transportation costs. The dilution of total N and NH 3 in the manure may have contributed to lower NH 3 emission. However, a water-only test was not conducted to determine the effect of dilution. Lower manure pH tends to decrease NH 3 release (Ni, 1999) , but pH was not affected by the treatment (table 7) .
Although odor emission from pig production facilities is one of the major air pollution complaints received by government authorities, a tenuous and debatable relationship exists between NH 3 and nuisance odor (Liu et al., 1993) . Therefore, no odor-reducing benefits were concluded from these tests.
According to the cost-benefit analysis by the manufacturer, the capital cost for the Alliance application equipment for a 1200-head finishing building was $1,500. The cost of the additive was $1.38/pig space per year or $0.50/marketed hog, based on 135-day growth cycles and a product cost of $3.43/L. Since the NH 3 emission reduction of 24% was relatively low and manure dilution would increase manure transportation costs, other benefits of the additive are needed to make it cost effective for most producers. However, other significant benefits were not observed. A statistically insignificant trend towards increased retention of total N and NH 3 -N in the treated manure was noted. The additive may have suppressed degradation of more complex nitrogenous compounds in the manure by manipulating microbial activity or controlling enzyme activities related to NH 3 release.
CONCLUSIONS
1. Ammonia emission rates from swine finishing buildings increased with ambient and indoor temperatures. Ammonia emission rates ranged from 54 to 65 g/d·AU during the first trial with mean outside and inside temperatures of 10.2°C and 21.3°C, respectively, and from 93 to 147 g/d·AU during the second trial with mean outside and inside temperatures of 21.0°C and 25.6°C, respectively. 2. Overall, the NH 3 emission per AU in two buildings using Alliance was 24% (P < 0.05) less than two control buildings. The emissions were 16 and 26% less during the first and second trials, respectively. 3. The application of Alliance to the pit added about 20% to the total manure production rate. The dilution of pit contents may have contributed to the reduction of NH 3 emissions.
